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NOSE SHUE WITB UNSTEADY-Fr-IOW ErTECTS AT 

By Norton Cooper, Ivan E. Beckwith, Jim J. Jones, 
and James J . Gallagher 

Eeat-trmsfer races end pressure  f luctuat ims a t  Mach numbers of 1.98 
and 4.95 have been measured at  the stagnation  point of a concave hemi- 

sphere f o r  a Reynolds number range from 2 x lo6 to 11 x 10 based on free- 
strean conditions and nodel  diameter. Tlese data, together w i t h  schlieren 
studies Pade a t  a Mach cumber of 1.98, show tne t  ?or angles of e t tack  less 
than  approximately 2O e i tne r  of two flow  corSitions could occur at  both 
Hach nmbers. 'The flow was observed t o  a l te rna te  in e random menner f'rom 
steaw flow t o  unsteady  flow. The heat-transfer  coefficients measured 
Tor the  1 ~ r ~ s t e a c ~ ~  flow were approximetely 6 t o  7 t i nes  the coefficients 
for t i e  steedy f l o w .  The r a t i o  or" t l e  coeff ic ients   for  the steedy f low 
to the theoretical  values et the stegrxation so in t  of a cormex hemisphere 
veried from 0.2 t o  0.5. A t  angles of ettack  of eboEt 2' or more the 
heat-transfer rates were a t  the low leve l .  
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The study of reentry shapes  and xethods for reducing  heat transfer 
to such  shapes  has been the  sabject of ic-iensive  research.  Recently, 
considerable  interest has been stimulated fn a concave hemispherical 
F-ose shape  because of extrenely lox heating rates observed  during 
e a l a r a t o r y  tests (ref'. 1). Values 02 stagnation-point  heat-transfer 
r a t e s  about  one-third  those or" the  convex hemisphere were quoted for 
€&ch nmibers o f  about 3 and values as low as one-tenth f o r  lkch numbers 
near 8. Additional tesis at  a Mach nuaber  of 2 ( r e f .  2) in&icated  values 
of 45 percect, of those of the heaisghere. Lower stagnation-point 
heating rates on concave shapes  than 0" cowex  shapes  should  be  antici- 
pated  because of the smaller stagnztion-poict  velocity  gradierrt on the 
concave shrpe as indicated  in  rer'erence 3 md measured in  reference 4. 

*Title,  UnckssifieB. " 
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Subsequent t o  the investigations  reported  in  reference 1 and 2, 
some unpublished data obtained by the Lengley Pi lot less   Aircraf t  Research 
Division on rocket-propelled Kodels indicated  vslues or" only one-eightin 
t o  oze-twentieth of t'sose on the hedsphere  in   the Mach  number renge 
frm 3 t o  7. Although i n  a l l  cases  (refs. 1 and 2 end tine unyblished 
data) the stagnation-point heat  transfer was less than that on the heni- 
spaere, the apparectu  large  diTferences  in  these d.ata could  not  be 
e q l a i n e d .   I n  an attempt to LsnderstGd t i le  phenomena causing these 
differences, ac investigation was undertaken in   the  Gas Dynamics Branch 
of the Langley  Laboratmy t o  stu6y  further the concave  hemisphere  shage. 
The investigation w a s  conducted a t  Mach nmbers of 1.98 and 4.95 end 
Reynolds numbers, based on dianeter and free-stream  conditions,  varying 
f r o m  2 x 10 t o  11 x 10 . The purpose or" the  present  paper i s  t o  pre- 
sent some resu l t s  of tinis' investigation. While these results are  con- 
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' sicered  greliminery,  they  are  presented at this time  because of the 
, occwrence of an Laportant phenomenon not  previously  observed in   r e f -  

erences 1 and 2 andz.;the unpublished datz.. Although heat-transfer  coef- 
ficients  considerably  lower  than  those  obtsined on a convex hemisphere 
have  been  measured at the  stagnation  point,  values  several times those 
of the hernisphere have also been  obtained. The low values  are  associ- 
ated with  steady flow vhile the high  values me  associated  with  unsteedy 
asynmtr ics l  flow. Subsequent to the  completion of these tests, both 
types of flow,  together w i t h  the associated  high  md low heating rates, 
have also been  observed i n  the Langley  Unitary  Plan wind tunnel. Hence, 
u n t i l  the ?low ins tab i l i ty  can be better understood or controlled, it 
should  be assumed tha t  the high heat rate is possible  in  practical  
applications. 
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M free-strean Mach  number 

Ct angle of attack, deg 

P O  stegnztion  pressure,  lb/sq in. abs 

Tie  heat-transfer model, which i's shown i n  figure 1, w a s  constructed 
i'rorn 17-4 PII stainless s t e e l .  The nodel was lir 3 inches i n  dFarrseter and 
ha& a nominal skin- thickness 03 0.028 inch.  In  order t o  expedite  these 
exploratory  tests,  only two iron-constantan Ycermocouples were ins ta l led  
on the  inner  swface or' t i e  nodel. One vas  located. on the axis of s$m- 
metry and the  other wes loczted  approximtely as shown i n  T i g u r e  1. 
(Tie  theraocouple  located on the  axis of symmetry w i l l  be  desigmted 
herein as the  stagnation-point  thermocouple.) The  In_easured skin  tAick- 
nesses at  the  themocouple  locations were 0.025  inch  for  the axis of 
sylrsetry en& 0.031 inch ?or the  or"f-axis  location. Only stagmtion- 
point  heat-trmsfer data w i l l  be  presezted. 

A pressure model was tested to  deternice the pressure  Tluctuations 
et the  stagnatioa  point. The exter ior  shage and diniensions 02 thCs model 
were the   sme  as t'nose or" t'ne heat-transfer  nodel  (fig. 1) . The pressure 
instrun--entation consisted or" a quarrtz piezoelectric  pressure  transducer. 
The diameter of the  sensit ive elemer-t w a s  about 1/4 inch. 

Tunnels 

'Two blowdown tunnels  in  the Langley Ges Dynamics LEboratory xere 
used Tor the tests. Both tunnels  uti l ized d r y  air stored a t  
5,000 lb/sg in .  ir? EA conmon 20,000-cubic-foot  storage  system. The 
tests EL% Lvl = 1.98 were  cond-dcted i n  an open 9- by +inch test section 
io the flow produced by a two-dimensional nozzle. The stagnation  pres- 
sures varied from 90 t o  1-70 lb/sq in .  abs and the  stagnation  temperatirres 
rznged up t o  130° F. The i n i t i a l  model wall  tempereture  renged from , 
50° t o  TO0 F. 

The t e s t s  at l4 =. 4.35 were  conducted i n  a closed,  axially sym- 
net r ic   t es t   sec t ioa ,  9 inches i n   d i e t e r .  The stagnakion  pressure 
ran-ged Trom 500 t o  2,500 Ib/sq i n .  abs, and t'ne stagnation  temperature 
vas  approxin-a-iely 40O0 F. The i n i t i a l  model w e l l  kenperatwe w a s  
&out 75' F. 
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Instal la t ion 

For both bkch n-mbers, the model, which was sting supported (as 
shown i n  Tig.  2), w c s  inserted by mans of air-actuated  cylinders  into 
the airstreaa a f t e r  steady-flow  conditions were obtained. For the test 
at = 1.98 t'ne node1 WES rotated  into t l e  stream abo2Jt an  axis  paral- 
l e l  t o  the tume l   cen te r   l i ne   ( l i g .   2 (a ) ) .  7or -;he t e s t   a t  M = 4.95 
the model w a s  3ushed in to ' the  tunnel i n  a horizontal  plane  (fig.  2(b)). 
(The model shown ir_ figure  2(b) is not the one tested i n  the present 
investigction.)  In  order  to  acconplish this ,  a side door on  %he tunnel 
w&s lowered and then  the model was inserted. The model-support.system 
was rnowhed t o  a door w3ich closed  the  tu-uek &s the node1 became cen- 
tered ( f ig .   2 (b) ) .  For both Each mx'llt3ers tke tirr-e required to   b r ing  
the model in to  test  position was e. s ~ ~ l l  fraction of a second. 

Y 

Data Reduction 

T3e heat-trm-sfer dats were evaluated by tlne transient  calorirreter 
techniqxe whereby the heat entering the nodel skin i s  equated t o   t h e  
heat  s+,ored.  Bemuse  of the eqloratory  nature  of the tests whereby 
trends ard tmgnixdes were being s-iuiiied, a simple  one-dircensional heat 
balance  assuning  infinite  skin  condxctivity  in  the  direction  norm1  to 
the wall was used,  with lateral conduction  r-eglected. The result ing 
heat-transfer  coefficients,  therefore, w i l l  be too low for two reasons. 

increase  the measured heat  transfer by a%out 3 percent. An approximate 
analysis based on the  one-dimensional  irnsteady  heat-conduction  equation 
For a wall of f ini te   thickness   ( ref .  5 )  shows that an  error of the  order 
of 10 percent  occurs et the highest coefficiects  since  the  thernocousles 
were located on %he inner  surface  of the skin. It is not  possible  to 
evaluaze  reliably the l a t e r a l  conEuction correction  without more detailed 
temperat-s-e-diskibution data,  but estimates based on the two thermo- 
coizples indicate  that  this  effect  would  no+, be signir"icant, at least 
for the   eml ies t   t ines .  

r" ..,e gaorr.e%.-y correction dEe t o  the comave  hemispherical  shape would 

RSSULTS AjKD DISCUSSION 

Heat-Transfer  Records 

Lmsrr-uch as the  heat-transfer  records  obtained  during this investi- 
gation were q.ite unusGal, and i n  rrany cases  differed zrarkedly fo r  &if- 
ferent runs, a representative  series of the terrrperature-time records is  
presented Fn f i g z e s  3 t o  5 .  In  these figures nultichannel-galvanometer 
records  are  presented for 14 = 1.98 and a = 0 ( f ig .  3 ) ,  for M = 4.95 
anti a = 0 ( f ig .  4), aad for  angles or' at tack a t  both Yach numbers - 
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( f ig .  5 )  . Temperstwe  and time sca le s   hve  been indicated on a l l  
records. The unlabeled  tenqerature  tine  history i s  that  of the tcerno- 
codple  located of2 the axis .  it i s  t o  be  noted thzt a separate base 
l ine   ex is t s  for each  galvmoEeter  channel. For the t e s t s  a t  14 = 1.98, 
the  stzgnatioa  ter'perature was recoi-ded directly  witn  the  other  therno- 
couples.  For  the  tests  at M = 4.95, however, the stagslation  tenpera- 
tu re  was record.ed on a self-balancing  potentimeter. For so== of the 
M = 4.95 records,  a  static  gressure on the tunnel well, near tine  model, 
i s  shom t o  verify that the tun-n-el has  "started*' and uniform flow has 
been established. The first r i s e   i n  the stetic-pressure  record 
( f i g .  4( a )  ) OCCUTS whec  t'ne tunnel i s  opened t o  atmosphere so that  the 
model can be inserted  icko the tmnel. The &.os occurs when the  tunnel 
i s  closed. as the nodel is inserted. Blthough flow in   t2e  tunnel is 
reestrblished.  almost  imnediately,  the  relstively slow response tir-e of 
the  or i f ice   instal la t ion  accomts for  the slow drop in  pressure t o  the 
tun-n-el-enpty value. 

The tvo  temperature-tine  records  shein i n  figure 3 for  M = 1.98 
are  for  essent ia l ly  the same stag-nation  cocditions. The higher  heating 
r a t e  ( f Fg . 3( a )  ) Fs approximAtely s ix  tims %he  lower rate ( f ig .  3 (b) ) . 
This surprising  result  where'oy e i ther  of two considerably  difrerent 
heat-transfer  rates may occur i s  &de t o  the  existence of two basically 
differect  f low petterns 8 s  w i l l  becorE more evident  subsequently. (The 
rapid rise in   t eqera ture   occur r ing  f o r  the f irst  0.2 second, f ig .  3(b), 
of the   in i t ia l   hea t ing  perioO f o r  this p a r t i c u k r  test i s  extraneous 
an& i s  associated w i t h  the  entrance of tine  rnoael irAo the a i r s t r em. )  
It i s  of interest   to   note  thet the high  heat-transfer  rate  drops  sharply 
( f ig .  3(a)) after about 3.8 secocds.  There is  insuffFcient  precision 
a t  tnis  point,  hugever, t o  evaluate the heat-trm-sfer  coefficient. 

The tenperat:-re-time records for  M = 4.95  (fig.  4) show similar 
end  eve= rare  irregcrlar  occ-mrences. For example, at  a stagnation  pres- 
sure of 1,020 lb/sa_ in.  abs (fig. 4 (b) ), the   heat ing  ra te   osci l la tes  
simultaneously for both thernocouples I"ro;n high t o  low values es the 
flow pslttern  chmges. Similar oscillz;tiorx were also  obtained  in e more 
o r  less  random pattern  during  other  tests a t  both Mach nurbers.  In 
m-other t e s t   ( f i g .  &(a) ) at  approxiritely the sane  stegnation  conditions 
as those of figure  4(b) oaly the  high  rate  vas  observed.  In the records 
obtained a t  stagnation  pressures of 2,535  end 1,515 lb/sq in .  abs 
( f igs .  &(e) En& 4(d)),   the  high  heating  rates k-ere observed i n i t i a l l y .  
Yowever, a f t e r  about 0.3 second there was z oearly  discontimous  charge 
Ln the  tenperatare-time  slope for  2,535 I ~ / s Q  in .  abs. The heat-transfer 
coefTicient  Just  after  the change i n  slope i s  about om-sixth the  value 
during the first p r t i o p  of the record. These c b g e s   i n  heat-transfer 
rates  are  again  associated w i t h  changes in   t he  flow' pattern.  It should 
be noted t b z t  the  coolfng  indicated  zfter peak  temperature ( f ig .   4(b))  
was caused bf retracting  the m o d e l  fro= the  tunnel. 



I n  tlre gresent tests a t  angle of a t tack  ( f ig .  5 )  the records were 
smooCh and i n  a11 ceses  exhibited low heat-transfer rates. It should 
be noted, however, that on one occasion i n  the Langley  Unitary Plan wind 
t m e l  the high heating  rate was measured a t  an  angle  of  attsck of 7L 

2 
0 

et M = 2.5. 

Heat-Transfer Data 

Reat-transfer data for  two oscillating-flow-condition  tests et 
M = 4.95 an6 essentially the sane  stagnation  conditions  are  presentea 
i n  ligure 6 .  In  t h i s  figure an6 in   f igure 7 the heat-transfer  coeffi- 
cient has been referenced t o  t h e  theoreticel  value a t  the  stagnation 
point of a convex hemisphere (ref. 6 ) ,  a s s - d n g  a Newtonian velocity 
gradient for the hemisphere. The oscil lation  of  the ?low from high t o  
low r a t e  i s  aperiodic. 

I n   f i g z e  7 a l l  t i e  stagnation-point  heat-trmsfer data b v e  been 
summarized. A l l  the symbols except the squares  denote  separate tests. 
Square syxbols indicate t h a t  both hi& and low values  occurred  during 
a given t e s t .  One average high value  and one everage low value  ere 
presented Zor the oscillating-flow test shown in  f igure 6 .  Clearly for 
both Y!ch numbers the data subdivi6e  into two heating  levels. I n  gen- 
eral, the low level  varies from 20 t o  50 percent 03 the hemisphere and 
t ? e  high  level i s  about 6 o r  7 times the low value. For these data 
there is roughly a 50-percent  increase i n  both the high and the low 
heating rates &s t:?e Reynolds nurnber i s  increased. Laminar boundary- 
layer  theory waul6 predict  h/h, intiependent of Reynolds number. The 
off-sxis  thernocouple  insicated  heat-transfer  values  approximtely 
equal t o  or  soxewht less th&n those  indicate& by the stagnakion-point 
slrermocouple. The stagnation-point value quoted i n  reference 2 and 
shown i n  I'igure 7 is  consistent wi th  the low heating  rates  observed i n  
the present tests. There Fs, however, no explanation fo r  the  difference 
betveen these resul ts  and those f r o m  the  unpublished  rocket test  (M = 3 
t o  14 = 7), wnich were appoximte ly  one-fourth  the low rates shown fo r  
M = k . 9 5  a t  corresponding Reynolds nurnbers. 

At m-gles of attack of eppyoximately 2O or greater the low hest 
rate always occwred  in  the  present  tests. 

Schlieren Photographs and Stagnation  Point 

Pres sure Measurements 

In  order  to  obtain a bet ter  understanding of the qhenomena associ- 
eted wi th  the high and 10" heating  rates, & series of schlieren 
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photogrephs  snd stagnatlon-pain-t pressure masureznts were  =de.  The 
schlieren pictures  were  obtain-ed  at M = 1.98 m d  the  pressure  measure- 
tnents  vere  mcie  at M = 1.98 end M = 4.95. 

Typicel  schlieren  photographs  are  presentea  in  figure 8. Photo- 
grephs  taken  with a d  without  flow  in  the  empty  tunnel  are sho-n for 
refereace  purposes.  Figures 8( c)  and 8(d) illustrate  one  flow  configura- 
tion,  while Tigwes 8(e) and 8(f)  illustrate  tine  other  flow  configwetion. 
( A  photogrephic  highlight  in  figures  8(e)  an& 8(f) obsc-mes  the  leading 
edge  of  the  model.)  Wit'n  the  aid of additional  schlieren  pictures  such 
as  these,  coupled v i th  the  thermocouple  records  and  the  piezoelectric 
nseasuremnts of pressure,  it  is  possible to classis3  the  types of flow 
es r"oll0ws: 

(a) Steedy flow and law heat 'cra-n-sfer 

(b) Umteady flow and high  heat  transfer 

Steady 2low.- Steady Tlow &I& low  heat  transfer  are  characterized 
by a shock  wave  which  is srn-tric at  zero  angle of zttack and relatively 
close to the  body as shown in  figures 8( c> and 8(6) . Motion  pictures 
takerr at 2,000 i'raaes  per  second.  indicated  thet  the bow shock  was  steady. 
For  this  condition,  the  piezoelectric  pressure  transducer  indicated only 
a s1Lgh-k pressure  oscilktion as illustrated  for M = 4.95 in figure 9 .  
The  pressure  corresponded to the  stagnation  pressure  behind a normal 
shock. This steady  flow  was  observed  during  all  the  present  tests for 
Engles of attack  greazer  than  =bout 2O and inter~ttently for  angles  of 
attack  less thm ebout 2O. 

Unsteady flow.- For  angles of attack of the  order of 2O or less, 
an- alternate flow chaxacterized lw an asmametric  bow  shock  and hiah hect.- 
transzer  rate  was also observed. "As can" be seen  in  Tigures 8(e)  and 8(f), 
the  shock is cocsidercbly  Tarther  ahead of the body than for the  sylmetri- 
cal  low-heat-transfer  case.  The  air  inside  the  concave  nose  appears  to 
spill  alternately  around  different  sides of the body. At 2,000 €'runes 
per  second  the  esynmetric  shock Tor 14 = 1.98 is primarily  steady  with 
superposed bursts of unsteadiness. For this  Kach  number  there  was no W' 

discernible  change in frequency of press-me  fluctuation 8s  the  flow 
shifted  from  steady to unsteady. At 14 = 4.95, hbwever,  the  stagnation-. 
point  pressure  (Pig. 9 )  showed a high-frequency  fluctuztion  of  the  order 
of 2,000 cycles  per  second. (Inasmch es  the  nature1  frequency of the 
recording  system was only  about 1,000 cycles  per  secocd,  the  amplitudes 
of the  r"luctmtions,  which  night  include  some  Toechanical  effects,  were 
attenuated.)  These  high-IYequency  pressure  fluctuations  ere  consistent 
with  unpublished  schlieren  observations  ai; 14 = 4.5 in  the  Langley 
Unitary P l a a  wind  tunnel. In those  tests,  the  shock  fluctuated  vio- 
lently znc? almost  continuously  for  the  unsteady flow. There seem to 
be a Mach  nwnber  effect  whereby  the  unsteadiness  occurs  more  readily  and 

- 
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becomes mre violenc a t  high Xsch nlabers. The nean of the  presswe 
f ~ ~ t m t : o n s  (fig. 9 )  corresponss t o  a pressure  about 15 percent greater 
-ch= the  stagnztFon  pressure  behind a normal shock. The i x r e e s e   i n  
Sressure is  Fr0bbl.y Ciue to the  aspmetrical  shock, Inasmch as a simi- 
ler increase vas zoced a t  bl = i.98. Dming  the pessure   t escs  the flow 
was o5serveC to   o sc i l l a t e  between the txo conditions sometimes in l e s s  
than 0.1 secand anl! other t ims requiring m y  secozds. 

Although the h'gh keat  rate and unsteady  flow are  shown Tor only 
one Reynolds mmber a t  31 = 1.98 (Tigs . 7, 8(e), and 8(f)) when schlie- 
rer- a ~ d  heat-Sransfer  recarcis were obtained  simultaneously, t'ne unsteady 
flow w&s observed over the complete  Reynolds .nuqier  range  Curing  schlie- 
ren stxilies alone. 

Althosgh thc  -mste&y flov was never  observed for angles of s t t a c k  
greacer  tnac approxi.m+uely 2 O  during  the  preseat tests, the high hezting 
r a t e  wzs n2as-ced  during one t e s t  a t  bf = 2.5 m d  CL = 7i0 In  the 

Langley  Unita-y Plzn vir-d %urnel. During one other  test, in the Langley 
Unitary P lan  w i d  turnel  at M = 4.5 azd a = l5', the unsteady shock 
was observed iz -the schlieren  pictures. 

Geceral Rermrks 

lkiese tests have clearly efstablished that t vo  flow configmations 
can occur on a concEve hed.spherice1 nose, and thzt the heating  rates 
ray 5e ei ther  5igher or Lover %E,XI the  heating  rates for the cozvex herxi- 
sphere. Eefme any fu"5nher recormendations are  mde  regarding the practi-  
ca l  use of this configuration, it w i l l  be  necessary t o  bet ter  unCerstan2 
o r  control  the flov. On the basis of  sone exploratory tests it appears 
possible to  assure  the  low-heat-trmsfer  conditions by changing the  rela- 
tive  propartions or nodieing  the  contour of the internal concave regions. 

Beat-transfer  rates &ne pressure  2luctmtions  at  Mach numbers of' 1.98 
ani! 4.95 have been xeasured et tne  stagnatior_  point of  a concave hemi- 

syhere for a Eeyllolds  nunber rmge  fro= 2 x LOo t o  11 x 10 based on free- 6 
strean  conditions end xodel dianzeter. These datz. and schlieren  ghoto- 
graphs  obtained c?urrlng the  saxe t e s t s  show that  for aEgles of attack less  
tkan agproximtely 2O el ther  of two flow coadFtions cmld  occ'z. The flow 
wzs genersliy observed to   e i ternace  in  a randm m n e r  r'ron steady flov 
t o  msteady flow. 

r 



For the ms-tezciy flow, the  pressure a t  
tuated a t  a Lfrequer-cy or' t'ce order of 2,000 
number of 4.95 end the  zean of the  presswe 
t o  a press-are  about 15 percent greater  than 
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the stagnation  point  fluc- 
cycles  per  secona a t  a Mich 
fluctuations correspor-ded v 

the s tagr~t ion   pressure  
behind a normel  shock for  both ikch nLllr;Ders. No sigzif icant   f luctmtions 
were observed for the  steady flow. 

For the steady flow, <le box shock w ~ v e  was symmetrical a t  zero 
zngie of attack and relat ively  c lose t o  the  bow. For the unsteady  flow 
tbe shock wave was esy-zmetrical and nuch fa?Liier ahead of  the b o a .  

The heat-transfer  coefficients me.zsure& for   the unsteady configura- 
tlor! were asproxinately 6 t o  7 t ines  the coefficier-ts for the steady flow. 
The steacQv-flov coefficieEts  varied'fron 20 sercent t o  50 perceat or" the  
vzllxs a t  the  stagmtion  point of a corwex hemisphere. 

A t  angles  of  attack of &boGt 2O or mre, only low heat-transfer 
rz tes  were obteined  timing  these tests. 

v 

Langley  Aerontiuticzl  Laboratory, 
National Advisory C"itee for  Aero-naiitics, 

Langley  Fielci, Va., April 11, 1958. 
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(a) Photogrzph of model. 148-1627 

(b) Cross-section view of model. A l l  dinensions in inches. 

Figure 1.- Concave nose shape. 
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(b) M = 4.95. L-58-1628 

Figure 2.- ?hotograpks of installations. 



(a)  Sigh  heet-trensfer  rate; po = 93 lb/sq in. abs; T, = F. 

(b) Low 'neat-transfer  rate; p, = 92 lb/sq in. abs; To = F. 

Figure 3 . -  Typical  t'nernocouple records showing high and low he&- 
t r ans fe r   r a t e s   a t  M = 1.98, CL - Oo, and Ra S= 3 x 10 6 . 
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(a) nigh heat-transfer  rete; po =: 1,025 lb/sq in. abs; To = bo50 F; 
Rz = 4 . k  X 10 6 . 

Oscillating  hest-transfer  rate; po = 1,020 
r~ = 403O F; Rd = 4.4 X 10 6 . 10 

lb/sq in. abs; 



(c) H i g h  heat-trensfer  rate changiog to low rate; 
p, = 2,535 lb/sq in. abs; To = kO2O F; Rd = 11 x lo6. 

(a) H i g h  heat-transTer  rate; p, = 1,515 lb/sq in. 

Rd = 6.6 X IOo. 

Figure 4.- Concluded. 

abs; To = 398, F; 



I 

.- . - . . "" ". - """""-7 

I 
I 

(b) H = 1.98; a, = 2'; po = 92 lb/sq in. abs; To = 15ho F; 
6 Rd = 3 . 1  X 10 . 

Figwe 5.- Thermocouple records s'nowing lo'w heat-transfer rates at angle 
of atteck. 
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Figure '7 .- Summary of heat-transfer-coefficient data. Square symbols indicate  oscillating flow in 
occurred  during tests. 8 
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EACA RM L58D25a 
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(a) No flow. (b) Flow. 

(c) Steady ELOW; u = OO . 

(e)  Unsteady f l o w ;  a = 0''. 
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Figure 9 .- Pressure fluctua tionr; 
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